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Abstract. In the standard model, CP asymmetries in the 
— > TT^K channels are ~ 2% based on perturbative cal- 
culation. Rescattering effects might enhance it to at most 
~ (20 — 25)%. We show that lepton- number- violating A' cou- 
plings in supersymmetric models are capable of enhancing it 
to as large as 0(100%). Upcoming B factories will test this 
scenario. 



Based on a work done in collaboration with A. Datta 



1. Introduction to direct CP violation 

Measurements of CP violation in the upcoming B factories could reveal 
new physics with new phases. The best places to look for those are some 
CP asymmetries which in the standard model (SM) are predicted to be 
too small, but nonetheless are going to be measured with high precision. 
Measurements significantly larger than the SM predictions will definitely 
point towards new physics with new phases. The decay 5+ — > n~^K° 
(at the quark level b —>■ sdd) constitutes one such mode. To develop the 
formalism, let us consider a generic decay process B'^ f. The amplitude 
can be written as A{B^ ^ f ) — J2i l^ile*"^' e"^' . The summation implies 
that in general there could be more than one diagram, labelled by the index 
i, contributing to this process, and (j>J^ and (j)f are the weak and strong 
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phases, respectively, for the ith diagram. The CP asymmetry is defined as 
acP = [B{B+ ^ /) - B{B- ^ ^ f)+B{B- ^ /)]. Requiring 

CPT invariance and assuming, for the sake of simpUcity, that only two 
terms dominate in a given decay amplitude, the above asymmetry can be 
expressed as 

2\A,\\A,\ sin(^f - 0f ) sin(0f - 0f ) 

|^l|2 + |A2|2 + 2|v4iP2| COs(0f -(/.f) COs(0f -(/.f)- ^' 

It is clear that in order to produce large acp the following conditions 
will have to be satisfied: (i) \Ai\ « |yl2|, (ii) sin(05;^ - (j)^) « 1 and 
{Hi) sin(0f - 0f ) sa 1. 



2. The standard model prediction 

In the SM, the decay b — > sdd receives contributions only from penguin 
operators. Using the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix, one can write the decay amplitude as ||^ 

A^^{B+ ^ TT+^O) = -AX'{1 - AV2) [1 + pe^^e'^] |Ptc|e'^'% (2) 

where A = 0.22 is the Wolfenstein parameter; A = \Vcb\/\'^ = 0.81 ± 0.06; 
7 = ~Aig{V*^Vud/V;i,Vcd) is the CKM weak phase; 9 and Stc are CP- 
conserving strong phases; Ptc = Pf—P^+Pt^—P^ (the difference between 
top- and charm- mediated strong and electroweak penguins); and finally, p 
depends on the dynamics of the up- and charm-penguins. For calculating 
Ptc we employ the factorization technique, which has been suggested to be 
quite rehable One can express \Ptc\ « GFj[Ci)T j where j{Ci) « 
0.09 is an analytic function of the Wilson coefficients, and J- = (m^ — 
rnDfR-Fs^ with Fb^ = 0.3. The_NLO estimate of B{B^ n^K) = 
0.5[B{B+ TT+K^)+B{B- TT-i^O)] varies in the range (1.0-1.8) x lO'^ 
for p = [|. 

Using Eq. the CP asymmetry in the B+ tt^K^ channel is given 
by (neglecting tiny phase space effects) 

a|p = -2/9 sin 6* sin 7/(1 + -h2p cos 6* cos 7). (3) 

In the perturbative hmit, p = 0{\^Rb) ~ 1.7%, where — \Vub\/M^cb\ = 
0.36 ± 0.08. On the other hand, rescattering effects such as, B^ 

tt'^K'^ — !■ tt'^K'^^ i.e., long-distance contributions to the up and charm 
penguins, can enhance p to as large as 0(10%) (this order-of-magnitude 
estimate is based on Regge phenomenology). As a result, acp can be as 
large as 0(20%). Therefore, if the upcoming experiments measure a much 
larger acp, an undisputed evidence of new physics with new phase(s) will 
be established. 
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3. Effects of i?-parity violation 

3.1. New diagram at tree level 

In the minimal supersymmetric standard model, there are additional pen- 
guins mediated by superparticles and they contain new phases. As a re- 
sult, acp can go up to ~ 30% B. But switching on i?-parity-violating (_^) 
^ijk^iQjDk superpotential triggers new diagrams which contribute 

to _B+ — > TT+X" (or other non-leptonic B decays) at tree level. The in- 
terference between ^ tree and the SM penguins may generate large acp- 
Considering the current upper bounds on the relevant A' couplings [^, it 
is very much possible that the ^ tree contributions are of the same order 
of magnitude as the SM penguins. 

3.2. New weak phase 

A non-leptonic B decay amplitude involves the product of the type 
KjsKlm- "^^^ Kjk couplings are in general complex. Even if a given A' is 
predicted to be real in a given model, the phase rotations of the left- and 
right-handed quark fields required to keep the mass terms real and to bring 
the CKM matrix to its standard form automatically introduce a new weak 
phase in this coupling, barring accidental cancellation. Thus the tree level 
i?-parity- violating B^ — > amplitude in general carries a new weak 

phase. 

3.3. New strong phase 

The isospin of a l-B^) state is 1/2, while that of a Itt+X^) state is either 
1/2 or 3/2. The SM penguin operator does not carry any isospin, while 
the ft tree operator carries an isospin (0 or 1). As a consequence, the SM 
penguins produce Tr+i^T" final states always in the isospin 1/2 state, while 
the fl tree operator can produce the same final states in the isospin 3/2 
state. The final state interaction between states with different isospins may 
generate a relative strong phase between the SM penguins and the ^ tree 
diagrams. 

3.4. Computation of the new diagram 

To generate i?+ n^K^ at tree level, consider that X[i^ and \^^2 ^-re the 
only non-vanishing couplings. This constitutes a sneutrino {vi) mediated 
decay. The new amplitude can be written as (the negative sign in front is 
just our convention) 

A^{B+ ^ ^+X") = -{\KizKi2\l^^^)^e^''^ ^ -|A^|e^^^ (4) 
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where denotes the weak phase associated with the product of A's. The 
total ampUtude then becomes 



A{B+ TT+K") = -AX^{1 - AV2)|Ptc|e*^ (l + pe'^e''^ + p^^e'^^e'^^) , 

(5) 

where 

p^^|A^|MA2(l-AV2)|Pte|. (6) 

It is important to note that is free from uncertainties due to factoriza- 
tion. Numerically, could easily be order one. 

3.5. The CP asymmetry 
Assuming that pjf 3> p, one can write 

^ _ 2p^sin%sin7^ 
'^^ 1 + p| + 2pi^ cos % cos ' 

To have a feeling of the size of pjj/,, we first choose to = 100 GeV through- 
out our analysis. Employing the current upper limits on Xii3X[i2 [§; we 
obtain, for i = 1, 2, and 3, pg ^ 0.17, 3.45, and 4.13, respectively. There- 
fore, it is possible to have a situation when pi^ = 1 (for i = 2, 3). This 
implies that a 100% CP asymmetry is very much attainable, once we set 
m = (^ijC = i'/2. We assert that such a drastic hike of CP asymmetry 
constitutes a characteristic feature of i?-parity violation and it is hard to 
find such large effects in other places 

The minimum p^ required to generate a given acp is given by (for 

Pi^^S (1- Vl-«cp)/l«cp|. (8) 

Eq. (^) has been obtained by minimizing p/^ with respect to and for 
a given acp- Numerically, 

p^ 1.0 (1.0), 0.50 (0.8), 0.33 (0.6), 0.21 (0.4), 0.10 (0.2); (9) 

where the numbers within brackets refer to the corresponding a^p's. 

3.6. New hounds on A' product couplings 

We should also be alert that p^ does not become so large that the prediction 
for B{B^ TT^K) exceeds the experimental upper limit. According to the 
latest CLEO measurement, B'^'PiB^ tt^K) = (1.4 ± 0.5 ± 0.2) x 10-^ 
which means S'^'^p < 1.9 x 10"^ (la) [0. On the other hand, B^^ ~ 
(1.0 — 1.8) X 10^^ in view of the present uncertainty of the SM (for p = 0; 
varying p within — 0.1 cannot change B^^ significantly). Hence one can 
accommodate a multiplicative new physics effect by at most a factor 1.9 
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(at la). One can check from the denominator of Eq. that |? effects 
modify the SM prediction of the branching ratio by a muhiphcative factor 
(1 + + 2/9^ cos 6]^ cos 7ij:) . To evaluate the maximum aUowed value of p^, 
we set one of the two angles appearing in this factor to zero and the other 
to TT (i.e., we arrange for a maximum possible destructive interference in 
the branching ratio). This leads to the conservative upper bound 

pijt, 2.4; which implies jA-igA-ial ^ 5.7 x 10"^ (Icr). (10) 

For i = 2, 3, these limits are already stronger than the existing ones. More- 
over, the existing bounds from semi-leptonic processes necessarily depend 
on the exchanged squark masses and have been extracted by assuming a 
common mass of 100 GeV for them. Present Tevatron data disfavour such 
a low mass squark. On the contrary, our bounds from hadronic B decays 
rely on a more realistic assumption that the exchanged sneutrinos have a 
common mass of 100 GeV. We also note that the choice of phases that leads 
to Eq. (^|) predicts vanishing CP asymmetry. If, on the other hand, we are 
interested in finding the upper limit on pi^, keeping acp maximized with 
respect to and each of the two angles should be 7r/2. This way the 
interference term vanishes, and we obtain a stronger limit pg ^ 1.0. This, 
in conjunction with Eqs. (^ and (p^), defines a range of the ^ couplings 
to be investigated in the upcoming B factories. 



4. Extraction of the CKM parameter 7 

B — !■ ttK decays are expected to provide useful information on 7, the least 
known angle of the unitarity triangle. In the SM, the three angles (a, f3 
and 7) measured independently should sum up to tt. However, if a given 
channel is contaminated by new physics, it might lead to a wrong determi- 
nation. The ^ couplings A^j^g and X'j_i2, the only non- vanishing ones under 
consideration, do not affect the Bj, tt+tt^ and Bd '^Kg channels, 
which are used for the direct measurements of a and f3, respectively. Once 
a and P are measured this way, 7 can be indirectly determined via the 
relation j — n — a ~~ (3. 

We now consider a direct measurement of 7, using the observable Q 
R =_ [B{Bd TT-K+) + B{Bd ^ TT+K-)]/[B{B+ t'^K^ + ^iB- 
Tr~K'^)]. The present experimental range is i? = 1.0±0.46 |1C]. Neglecting 
rescattering effects, as a first approximation, sin^ 7 ^ in the SM. 

Within errors, it may still be possible that R settles to a value significantly 
smaller than one, disfavouring values of 7 around 90° . This will certainly 
be in conflict if, for example, 7 ~ 90° is preferred by indirect determination. 

Now we see the effects of i?-parity violation. The SM bound is modified 
to (p = 0) 

sin^ 7 ^ i? (1 + -I- 2p^ cos 9^ cos j^). (11) 
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Here we assumed that the left-handed selectron is somewhat heavier than 
the sneutrino (due to the D-term contribution), so that the neutral B 
decay (which appears in the numerator of R) is not significantly affected. 
From Eq. (pi]), we see that the bound on 7 either gets relaxed or further 
constrained depending on the magnitude of fjf and the signs of and 6^. 
For fty ^ 1 and = 9^ ^ 7r/2, it turns out that sin^7 ^ 2i?, and hence 
there is no constraint on 7 once 0.5. Thus the lesson is that if one 
observes large CP asymmetry in the 5+ tt^K'^ channel, extraction of 7 
becomes an even more nontrivial exercise. 



5. Conclusions 

We identified one distinctive feature of i?-parity violation that it can en- 
hance both the CP asymmetry and the branching ratio simultaneously. As 
a result it is easier to capture these effects experimentally. Our study is a 
prototype analysis in a particular channel, which can be easily extended to 
a multichannel analysis combining all kinds of i? ^ tttt, ttK, DK modes. 
In case no large CP asymmetry is observed, or no disparity between 
and B'^'^^ is established, one can place improved constraints on many R- 
parity-violating couplings. Upcoming B factories may very well turn out 
to be a storehouse of many surprises! 
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Note added: After this manuscript had been written up, an interesting 
article studying the impact of various new physics models, including the R- 
parity-violating ones, on observables related io B ^ wK decays appeared 
in the archive 
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